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ABSTRACT 

Recent commercial and academic i n t e r e s t  i n  CH,OH s y n t h e s i s  v i a  C O  hydrogena- 
t i o n .  t o g e t h e r  w i th  t h e  high s e l e c t i v i t y  and r e l a t i v e  s i m p l i c i t y  o f  t h i s  reac- 
t i o n ,  make i t  an  i d e a l  r e a c t i o n  for t e s t i n g  and comparing a d s o r p t i o n  s t u d i e s ,  
proposed mechanisms, and macroscopic ra te  behavior  for oxide-based c a t a l y s t s .  
Adsorption s t u d j e s  of H, ,  H,O, and CH,OH on ZnO powders and model t h i n  f i l m s  of 
Cu/ZnO have r e so lved  s e v e r a l  d i s c r e t e  a d s o r p t i o n  s i t e s .  I n f r a r e d  and t empera tu re  
programmed decomposition s t u d i e s  of adsorbed CH,OH a r e  used t o  determine t h e  
e n e r g e t i c s  o f  t h e  C H , O ( , )  a n d  HCOO(,) decomposi t ion steps a t  t h e s e  s i t e s .  
Comparative s t u d i e s  us ing  model Cu/ZnO t h i n  f i l m s  have r e so lved  f e a t u r e s  common 
t o  bulk ZnO and bulk Cu, as we l l  a s  d i f f e r e n c e s  i n  behavior  which can be a t t r i -  
buted t o  the a v a i l a b i l i t y  of ZnO l a t t i c e  an ions  a t  t h e  pe r ime te r  o f  t h e  Cu 
c l u s t e r s .  T h e  r e s u l t s  sugges t  t h a t  Type I sites on ZnO do not  have a major  r o l e  
i n  t h e  CH,OH s y n t h e s i s  r e a c t i o n  on Cu/ZnO c a t a l y s t s .  I n s t e a d ,  t h e  CH,OH r e a c t i o n  
may occur p r e f e r e n t i a l l y  a t  pe r ime te r  s i t e s  of Cu c l u s t e r s .  

INTRODUCTION 

The r e a c t i v i t y  o f  carbon-oxygen bonds i n  adsorbed oxygenated hydrocarbon 
in t e rmed ia t e s  is of fundamental  i m p o r t a n c e  i n  u n d e r s t a n d i n g  t h e  r a t e s  and  
s e l e c t i v i t y  of a l c o h o l  r e a c t i o n s  on  heterogeneous c a t a l y s t s .  Reac t ions  of 
commerical i n t e r e s t  i nc lude  methanol s y n t h e s i s ,  t h e  d i r e c t  s y n t h e s i s  of h ighe r  
a l c o h o l s ,  a l coho l  decomposition ( e .g . ,  r e fo rming ,  p a r t i a l  o x i d a t i o n ) ,  e t h e r i f i c a -  
t i o n  (e .g . ,  product ion of MTBE a s  a g a s o l i n e  b l end ing  a g e n t ) ,  c o n d e n s a t i o n  
( e . g . ,  conversion t o  C-8 compounds on z e o l i t e s  or o t h e r a c i d  c a t a l y s t s ) ,  and 
f u n c t i o n a l i z a t i o n  (e .g . ,  aminat ion r e a c t i o n s ) .  

Work i n  our l a b o r a t o r y  has  focussed on understanding t h e  s u r f a c e  r e a c t i o n s  
involved i n  t h e  c a t a l y t i c  formation and decanpos i t i on  of t h e  s i m p l e s t  a l c o h o l ,  
CH,OH. I n  p a r t i c u l a r ,  we have undertaken a s y s t e m a t i c  s t u d y  of a s e r i e s  of  model 
ZnO or  Cu/ZnO c a t a l y s t  s u r f a c e s  us ing  a combination of i n f r a r e d  spec t roscopy ,  
temperature  programmed deso rp t ion  and decomposition of adso rba te s ,  and r e a c t o r  
measurements of t r a n s i e n t  and/or  s t e a d y  s t a t e  k i n e t i c s .  These s t u d i e s  are aimed 
a t  i d e n t i f y i n g  t h e  composi t ion and geometry of v a r i o u s  adso rp t ion  sites on t h e  
Cu/ZnO s u r f a c e ,  t h e  mechanism and k i n e t i c s  of a d s o r b a t e  r e a c t i o n s  a t  t h e  s i t e s ,  
and t h e  importance of each s i t e  i n  t h e  o v e r a l l  CH,OH s y n t h e s i s  r e a c t i o n .  

I n  t h e  p re sen t  paper we d e s c r i b e  s e l e c t e d  r e s u l t s  f rm  our o v e r a l l  program. 
These r e s u l t s  a r e  chosen t o  i l l u s t r a t e  two po in t s :  The importance o f  t h e  formate 
in t e rmed ia t e  in a lcoho l  r e a c t i o n s  on o x i d e  s u r f a c e s  and its r o l e  in main ta in ing  
hydrogenation s e l e c t i v i t y ,  and t h e  r e l a t i v e  importance of adso rp t ion  s i t e s  on t h e  
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ZnO and C u  components of t h e  c a t a l y s t  su r f ace .  

EXPERIMENTAL 

Compara t ive  s t u d i e s  o f  h i g h  s u r f a c e  area powders and p l ana r  t h in - f i lm  
samples a r e  performed i n  two independent  appa ra tus .  S t u d i e s  of powder samples 
were performed i n  t h e  IR-TPD c e l l  shown i n  Fig.  1 .  The sample c o n t a i n i n g  50-100 
mg of ZnO is d e p o s i t e d  f r a n  an aqueous s l u r r y  o n t o  t h e  f r o n t  f a c e  of t h e  c e l l  
mirror, a s i l v e r  d i s k  which is so lde red  t o  t h e  r e - e n t r a n t  i n n e r  wa l l  of t h e  c e l l  
body. The mirror d i s k  can be heated us ing  t h e  a t t ached  c a r t r i d g e  h e a t e r ,  or 
cooled t o  100 K by f lowing  coo led  N, through t h e  a t t a c h e d  coo lan t  tube.  After  
s e a l i n g  t h e  f r o n t  of the c e l l  u s ing  a flange-mounted CaF, window, t h e  c e l l  is 
a t t a c h e d  t o  a s t a i n l e s s  s t e e l  gas  hand l ing  system and pos i t i oned  i n t h e  sample 
compartment of t h e  FTIR spec t romete r  ( N i c o l e t  6OCSX).  S p e c t r a  are ob ta ined  i n  a 
two-pass t r anmiss ion  mode by r e f l e c t i n g  the I R  beam f r a n  t h e  mirror d i s k ,  thereby 
pass ing  through t h e  sample l a y e r  tw ice .  During a t y p i c a l  i n - s i t u  TPD experiment ,  
IR s p e c t r a  a r e  r eco rded  a t  r e g u l a r  t empera tu re  i n t e r v a l s  ( 7 5  scans/spectrum, a t  a 
scan r a t e  of 1-2 s c a n s l s e c ;  r e s o l u t i o n  = 8 cm"), wh i l e  t h e  f l u x  of each desorb+ 
i n g  s p e c i e s  i s  monitored us ing  a quadrupole  mass s p e c t r a n e t e r  (Spectramass 800)  
a t t a c h e d  t o  t h e  gas  hand l ing  system. A l l  of t h e  TPD experiments  desc r ibed  here  
were performed wi th  t h e  IRcTPD c e l l  evacuated and pumped by t h e  g a s  handl ing 
system ( i . e . ,  no c a r r i e r  gas  is used ) .  

The m a j o r i t y  of t he  r e s u l t s  d e s c r i b e d  below were ob ta ined  us ing  Kadox 25 
ZnO, i n  o r d e r  t o  examine t h e  p o s s i b l e  importance of t h e  unique Type I adso rp t ion  
s i t e s  f o r  H, t h a t  have  been  r e p o r t e d  f o r  t h i s  m a t e r i a l .  The p re t r ea tmen t  
r e q u i r e d  to a c t i v a t e  t h e  Type I s i t e s  i nvo lves  ( s t e p  1 )  h e a t i n g  t h e  sample I n  
vacuum (P < to r r )  a t  673 K f o r  3 hour s ,  ( s t e p  2) coo l ing  t o  573 K and 
admi t t i ng  0.5 t o r r  0, f o r  10 minutes ,  t hen  evacua t ing  (0 ,  c y c l e  r epea ted  t h r e e  
t i m e s ) ,  and ( s t e p  3) r e v h e a t i n g  i n  vacuum to  673 K f o r  20 minutes b e f o r e  coo l ing  
t o  rocm temperature .  

Once t h e  p re t r ea tmen t  s t e p s  were f i n i s h e d ,  t h e  IR-TPD experiments  f o r  t h e  
adso rba te  of i n t e r e s t  could be r epea ted  i n d e f i n i t e l y .  For experiments  u s i n g  
CH,OH and H,O, bo th  of which are i r r e v e r s i b l y  adsorbed a t  300 K ,  a vo lumet r i ca l ly  
determined amount of e i t h e r  gas  is admi t t ed  from t h e  g a s  hand l ing  sys t em i n t o  t h e  
sample c e l l .  For H, adso rp t ion  experiments .  i t  is  necessa ry  t o  f i l l  t h e  sample 
c e l l  with 40 torr H, a t  300 K to occupy t h e  Type I s i t e s ,  s i n c e  t h e  Type I H, 
adso rp t ion  s t a t e  deso rbs  r e a d i l y  a t  room temperature .  

The canplementary experiments  u s ing  p l ana r  samples were performed I n  t h e  
a p p a r a t u s  shown s c h e m a t i c a l l y  i n  F i g .  2. The sample c o n f i g u r a t i o n  is shown 
schemat i ca l ly  i n  t h e  i n s e t  of t h e  f i g u r e .  Samples a r e  prepared by f i r s t  deposit .  
i n g  t h i n  f i l m s  of ZnO on to  Au s u b s t r a t e s ,  u s ing  a s e p a r a t e  RF plasma s p u t t e r i n g  
System (pe rk in  Elmer model 2400) with a ZnO k g e t  and a background gas  of 24% 
0, : 76% A r  a t  a p r e s s u r e  of 1 Pa. The ZnO d e p o s i t i o n  r a t e  was 200 A/min and t h e  
depos i t ed  f i l m  thichmess w a s  approximately 1 urn. XWay d i f f r a c t i o n  measurements 
Confirm t h a t  t h e  f i l m  g r a i n s  a r e  p r e f e r e n t i a l l y  o r i e n t e d  wi th  t h e i r  c - ax i s  
w i th in  5 '  of t h e  s u r f a c e  normal. Thus t h e  f i l m s  expose a h i g h - f r a c t i o n  of 
(0001 k Z n  p lanes  and/or  v i c i n a l  d e f e c t  s u r f a c e s .  

After t h e  ZnO f i l m  has  been d e p o s i t e d ,  a chromelPalumel thermocouple is 
a t t a c h e d  t o  t h e  AU s u b s t r a t e  and the  sample is mounted i n t o  t h e  TPD appa ra tus  
shown i n  t h e  main p a r t  of Fig. 2. The appa ra tus  c o n s i s t s  of an ion-pumped 
s t a i n l e s s - s t e e l  b e l l  j a r  equipped wi th  a s i n g l e  p a s s  c y l i n d r i c a l  mi r ro r  ana lyze r ,  
a quadrupole mass s p e c t r o m e t e r ,  a n  i o n  s p u t t e r i n g  gun, a s i d e  chamber which 
Contains  a Cu e v a p o r a t i o n  source  and a q u a r t z  f i l m  t h i c k n e s s  monitor .  The sample 
i t s e l f  IS mounted on a d i f f e r e n t i a l l y  pumped s l i d i n g  s e a l  t r a n s f e r  rod  t h a t  
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permits  t h e  sample t o  be t r a n s l a t e d  between t h e  evapora t ion  chamber and the f o c a l  
po in t  of t h e  CMA. 

Two sequences are used t o  p repa re  s u f a c e s  with d i f f e r e n t  Cu load ings .  I n  
most c a s e s ,  t h e  load ing  was c o n t r o l l e d  by changing t h e  exposure t ime of a s p u t t e r  
c leaned ZnO s u r f a c e  t o  t h e  Cu evaporant  f l u x .  The d e p o s i t i o n  f l u x  was approxi-  
mately A/min, a s  measured us ing  t h e  f i l m  t h i c k n e s s  monitor.  The sample tempera- 
t u r e  du r ing  evapora t ion  is  300 K .  An independent measure of t h e  Cu coverage i s  
ob ta ined  u s i n g  Auger a n a l y s i s  t o  examine t h e  s u r f a c e  a f t e r  evapora t ion .  For a 
few experiments ,  an a l t e r n a t e  procedure f o r  varying t h e  Cu load ing  C o n s i s t s  Of 
i n i t i a l l y  evapora t ing  a high coverage o f  Cu and then h e a t i n g  t h e  sample progres-  
s i v e l y  h i g h e r  t empera tu res  above 800 K t o  deso rb  i n c r e a s i n g  amounts of t h e  
i n i t i a l  Cu l a y e r .  

Af t e r  r eco rd ing  t h e  Auger spectrum of t h e  s u r f a c e  fo l lowing  Cu e v a p o r a t i o n ,  
methanol decomposition experiments  were performed by exposing t h e  sample t o  CH,OH 
a t  300 K by backAf i l l i ng  t h e  chamber. After  t h e  background p r e s s u r e  r e t u r n e d  t o  
c a .  l o - ' '  t o r r ,  t h e  sample is heated and t h e  evolved products  a r e  monitored 
us ing  t h e  mass spec t romete r .  The h e a t i n g  r a t e  used f o r  t h e  t h i n  f i l m  experiments  
is 25 K/sec.  Care is taken t o  s t o p  each TPD experiment a t  a low enough tempera- 
t u r e  ( c a  750 K) t o  prevent  any loss of Cu by re-evaporat ion.  Spec t r a  f o r  each  of 
t h e  observed products  are u s u a l l y  r eco rded  s e p a r a t e l y  in r e p e t i t i v e  expe r imen t s .  
Reproduc ib i l i t y  between experiments  is confirmed p e r i o d i c a l l y  by u s i n g  m u l t i c  
plexed s i g n a l  a c q u i s i t i o n ,  a t  a c o s t  i n  s i g n a l  r e s o l u t i o n .  R e p r o d u c i b i l i t y  can  
a l s o  be confirmed by comparing t h e  r eco rd  of t o t a l  p re s su re  vs .  t ime measured by 
t h e  i o n i z a t i o n  gauge in t h e  main chamber. 

RESULTS 

Porous sample s t u d i e s :  Role of Type I s i t e s .  I n  Fig.  3 we show t h e  I R  
s p e c t r a  acquired du r ing  t h e  a d s o r p t i o n  and subsequent  TPD of CH,OH on Type I 
a c t i v a t e d  ZnO. The bottom curve is  t h e  spectrum of t h e  sample i n  t h e  presence of 
40 t o r r  H, a t  300 K ,  ob t a ined  p r i o r  t o  abso rb ing  CH,OH. The s h a r p  band a t  1709 
cmL1 and the  l e s s  i n t e n s e  band a t  3491 cm-' correspond t o  t h e  Zn-H and 0-H 
s t r e t c h i n g  v i b r a t t o n s ,  r e s p e c t i v e l y ,  which a r e  c h a r a c t e r i s t i c  of H, adso rbed  a t  
Type I s i t e s .  We n o t e  t h a t  t h e  band observed a t  3618 cm-' is  a t t r i b u t e d  t o  a 
r e s i d u a l  s u r f a c e  OH(,) s p e c i e s  and is not a s s o c i a t e d  wi th  Type I H, adso rp t ion .  
Fea tu res  in t h e  2900 t o  2800 cm-' r eg ion  a r e  due t o  r e s i d u a l  s u r f a c e  hydrocarbon 
i m p u r i t i e s  s t i l l  remaining a f t e r  t h e  t h r e e  573 K 0, c l e a n i n g  c y c l e s  of t h e  
p re t r ea tmen t .  The concen t r a t ion  of Type I s i t e s  i n  t h i s  sample i s  5.8 pmole 
H,/gm ZnO, a s  determined from t h e  i n t e g r a t e d  a r e a  under an  H, TPD spectrum. 

The next  curve is t h e  spectrum ob ta ined  a f t e r  evacua t ing  t h e  H, and adsorb-  
i n g  an about of CH,OH corresponding t o  10 umole/gm. The bands appea r ing  a t  2932 
and 2816 cmi' a r e  a s s i g n e d  t o  t h e  asymmetric and symmetric C-H s t r e t c h i n g  
v i b r a t i o n s  of t h e  s u r f a c e  methoxy s p e c i e s .  We n o t e  t h a t  t h e  a d s o r p t i o n  of CH,OH 
produces no new r e s o l v a b l e  OH f e a t u r e s  i n  t h e  r e g j o n  above 3500 cm-', nor does i t  
p e r t u r b  t h e  r e s i d u a l  s u r f a c e  OH band a t  3618 cm-'. If 40 t o r r  of H, is admi t t ed  
t o  t h e  c e l l  a t  t h i s  p o i n t ,  t h e  ZnsH and 0-H bands c h a r a c t e r i s t i c  of Type I sites 
do not appear .  This  confirms t h a t  CH,OH adsorbs i r r e v e r s i b l y  a t  Type I s i t e s ,  
b lock ing  them from f u r t h e r  H, adso rp t ion .  The f a c t  t h a t  10 pmOle CH,OH/gm ZnO 
a r e  r e q u i r e d  t o  c lock t h e  s i t e s  ccmpletely i n d i c a t e s  t h a t  some of t h e  CH,OH must 
be adsorbed a t  non-Type I sl t e s ,  a s  well. 

The next  curve i n  F ig .  3 is  t h e  spectrum of t h e  sample ob ta ined  t 530 K 
d u r i n g  t h e  decomposition of t h e  adsorbed CH,OH. The i n t e n s i t y  of t h e  methoxy C"H 
bands a t  2932 and 2816 cm-' d e c r e a s e s ,  and new f e a t u r e s  grow i n  a t  2875, 1574, 
1364, 1377 cm". These new bands a r e  a s s igned  r e s p e c t i v e l y  t o  t h e  C-H s t r e t c h i n g  
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mode, t h e  asymmetric and symmetric 0-C-0 s t r e t c h i n g  modes, and t h e  i n r p l a n e  C-H 
bending mode of a s u r f a c e  HCOO(,)  s p e c i e s .  The asymmetric 0-C-0 s t r e t c h i n g  mode 
and the inhp lane  C r H  bending mode a l s o  produce an a d d i t i o n a l  combination band a t  
2965 cm"' . T h e s e  r e s u l t s  deomonstrate  t h e  s e q u e n t i a l  conversion Of CH,O(,) 
s p e c i e s  t o  HCOO(,) s p e c i e s .  

A s e p a r a t e  experiment  was performed by i n t e r r u p t i n g  t h e  decomposition a t  530 
K (corresponding t o  t h e  t empera tu re  a t  which t h e  maximum HCOO(,) coverage is 
observed)  and q u i c k l y  coo l ing  t h e  sample t o  300 K t o  preseve t h e  s u r f a c e  HCOO(,) 
coverage. Admit t ing 40 t o r r  o f  H, t o  t h e  c e l l  a t  t h i s  s t a g e  f a i l e d  to produce I R  
bands a t  3490 or 1710 cm-', t hus  i n d i c a t i n g  t h a t  t h e  HCOO(,) s p e c i e s  a l s o  block 
t h e  Type I H, s i tes.  

The uppermost curve is t h e  spectrum of t h e  sample ob ta ined  a f t e r  complet ing 
t h e  TPD expe r imen t ,  c o o l i n g  from 673 K t o  300 K ,  adding 0.1 t o r r  0, to improve 
t h e  I R  , t r a n s m i s s i o n ,  and then  admi t t i ng  40 t o r r  of H,.  The bands at 3492 and 
1709 cm" have now been r e s t o r e d ,  J n d i c a t i n g  t h a t  t h e  Type I s i t e s  have been made 
vacant  f o l l o w i n g  decomposi t ion of t h e  adsorbed CH,OH. 

The p roduc t  d e s o r p t i o n  s p e c t r a  r eco rded  by t h e  mass spec t romete r  du r ing  
t h e  preceeding experiment  a r e  shown i n  Fig.  4.  The H, evo lu t ion  curve has  t h r e e  
r e s o l v a b l e  f e a t u r e s :  a low tempera tu re  shoulder  a t  459 K ,  a broader  shoulder  
hea r  511 K ,  and a d e s o r p t i o n  maximum a t  565 K. The H, de so rp t ion  a t  565 K is 
accompanied by t h e  almost  co inc iden t  deso rp t ion  of CO and CO, a t  573 K .  I n  
c o n t r a s t ,  t h e  H, evolved a t  459 K and 51 1 K is not  accanpanied by any s i g n i f i c a n t  
amount of carbon o x i d e s .  Th i s  is a c l e a r  i n d i c a t i o n  t h a t  t h e  H, evo lu t lon  peaks 
a t  459 K and 511 K a r e  a r e s u l t  of t h e  conve r s ion  Of CH,O( , ) ,  wh i l e  t h e  n e a r l y  
s imultaneous d e s o r p t i o n  of H, ,  CO, and CO, a t  565-573 K is due t o  t h e  decanposi-  
t i o n  of t h e  s u r f a c e  HCOO(,). F lgu re  4 a l s o  shows t h a t  H,O is not a favored 
p r o d u c t  of e i t h e r  C H , O ( , )  c o n v e r s i o n  or HCOO(,) decomposi t ion,  d e s p l t e  t h e  
ox id ized  c o n d i t i o n  of t h e  ZnO sample. 

To de te rmine  t h e  importance o f  Type I s i t e s  on ZnO f o r  CH,OH decomposition, 
we next  performed a s e r i e s  of experiments  u s ing  pre-adsorbed H,O t o  block t h e  
Type I s i t e s  b e f o r e  adso rb ing  CH,OH. I n f r a r e d  s p e c t r a  recorded i n  t h e  presence 
of 40 t o r r  of H, be fo re  and a f t e r  H,O was admi t t ed  t o  t h e  c e l l  showed t h a t  H,O 
a l s o  a d s o r b s  i r r e v e r s i b l y  i n t o  t h e  Type I H, s i tes,  b lock ing  them from H, 
adso rp t ion .  Methanol was then  admi t t ed  t o  t h e  sample with t h e  blocked Type I 
s i t e s .  Adsorpt ion still  occur s ,  as i n d i c a t e d  by t h e  I R  spectrum which showed t h e  
C-H v i b r a t i o n a l  bands of t h e  CH,O(,) i n t e rmed ia t e .  The f a c t  t h a t  CH,OH d i s s o c i -  
ately adsorbed even  on t h e  Type I blocked sample confirms t h a t  CH,OH adsorbs at  
non;Type I s i t e s .  

The TPD product  d e s o r p t i o n  s p e c t r a  recorded f o r  t h e  sample wi th  co-adsorbed 
H,O and CH,OH a r e  shown i n  Fig.  5. The f i r s t  f e a t u r e  t o  n o t e  is t h e  behavior of 
t h e  H,O d e s o r p t i o n  signal. A small  amount of deso rp t ion  is observed nea r  475 K ;  
however, t h e  m a j o r i t y  of t h e  H,O deso rbs  wi th  a peak maximum n e a r  600 K.  T h i s  is 
i d e n t i c a l  t o  t h e  deso rp t ion  behavior of pu re  H,O ( i  .e., without  co-adsorbed 
CH,OH). T h i s  i n d i c a t e s  t h a t  t h e  H,O molecules  adsorbed i n  Type I sites r e t a i n  
t h e i r  i d e n t i t y  th roughou t  t h e  experiment ,  t h a t  t h e  Type I s i r e s  remain blocked 
by H,O throughout  t h e  temperature  r ange  of CH,OH decanpos i t i on ,  and t h a t  t he  
a d s o r b e d  H,O is not  consumed i n  t h e  formatlon of CO, du r ing  t h e  formate 
decanpos i t i on  s t e p .  

A small  amount of molecular CH,OH desorbs between 400 K and 500 K .  A 
similar molecular  CH,OH deso rp t ion  peak can be observed from samples con ta in ing  
no pre"adsorbed H,O, provided t h e  i n i t i a l  CH,OH coverage is g r e a t e r  than 10 
!mOle/gm. T h i s  i n d i c a t e s  t h a t  t h e r e  is a f i n i t e  combined c o n c e n t r a t i o n  of 
bo th  Type I and non-Type I s i t e s  at which CH,OH is d i s s o c i a t i v e l y  adsorbed.  
Add i t iona l  CH,OH beyond t h i s  amount i s  adsorbed i n t o  a l e s s  t i g h t l y  b u n d  s t a t e  
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which deso rbs  molecu la r ly  a t  450 K .  The low tempera tu re  shou lde r  i n  t h e  H,O 
deso rp t ion  spectrum probably a r i s e s  from a s i m i l a r  s ta te .  

D i s s o c i a t i v e l y  adsorbed CH,OH u l t i m a t e l y  decomposes t o  y i e l d  H , ,  C O ,  and 
CO,. The H, e v o l u t i o n  c u r v e  shows two r e s o l v e d  maxima a t  493 K and 557 K ,  
c o r r e s p o n d i n g  t o  t h e  two  h i g h e s t  t empera tu re  f e a t u r e s  i n  t h e  H, d e s o r p t i o n  
spectrum f o r  decomposition of CH,OH a lone  ( c f .  Fig. 4). However, t h e  d e s o r p t i o n  
s h o u l d e r  a t  459 K t h a t  was observed on t h e  H,O-free s u r f a c e  is a b s e n t !  I n  
a d d i t i o n ,  t h e  H, d e s o r p t i o n  maximum a t  493 K o c c u r s  without  e v o l u t i o n  of carbon 
ox ides ,  wh i l e  t h e  H, maxtmum a t  557 K is fol lowed by t h e  e v o l u t i o n  o f  CO and CO, 
a t  567 K and 581 K ,  r e s p e c t i v e l y .  S i n c e  t h e  o n l y  d i f f e r e n c e  between t h e  e x p e r i -  
ments shown i n  F igs .  4 and 5 is the  presence of preeadsorbed H,O i n  t h e  Type I 
s i t e s ,  we conclude t h a t  t h e  H, peak a t  493 K co r re sponds  t o  t h e  d e c a n p o s i t i o n  of 
s u r f a c e  methoxy s p e c i e s  adsorbed a t  non-Type I s i t e s ,  wh i l e  t h e  H, d e s o r p t i o n  
f e a t u r e  observed a t  459 K (on t h e  H,O+free s u r f a c e )  can be a s s igned  t o  t h e  
decomposltion o f  methoxy s p e c i e s  adsorbed a t  Type I s i t e s .  

The decanpos i t i on  of t h e  remaining s u r f a c e  fo rma te  s p e c i e s  g i v e s  rise t o  t h e  
H,, CO,  and CO,  peaks between 557 and 581 K.  The sp read  in t empera tu re  between 
t h e  t h r e e  s p e c i e s  appea r s  to be r e a l ,  and may r e s u l t  from re’adsorption e f f e c t s  
for CO and CO, whlch a r e  more pronounced on samples w i t h  pre-adsorbed H,O due t o  
a s h o r t - l l v e d  r e -gene ra t ion  o f  t r a n s i e n t  HCOO[,) s p e c i e s  invo lv ing  t h e  adsorbed 
H,O molecules.  However, t h e  d e s o r p t i o n  t e m p e r a t u r e s  a r e  s imilar  t o  t h o s e  
observed i n  t h e  absence o f  pre-adsorbed H,O, i n d l c a t i n g  t h a t  t h e  decomposi t ion 
r a t e  of t h e  formate s p e c i e s  is i n s e n s i t i v e  t o  Type I vs.  non+Type I sites. 

However,  t h e  C0,:CO r a t i o  is much greater than  i n  t h e  absence of pre- 
adsorbed H,O. A s  noted above,  t h i s  is not  because pre-adsorbed H,O a t  t h e  Type I 
s i t e s  i s  i n c o r p o r a t e d  i n t o  t h e  CO, product .  I n s t e a d ,  i t  appea r s  t h a t  t h e  
dec rease  i n  CO i n t e n s i t y  is a d i r e c t  r e s u l t  of t h e  blockage of Type I sites by 
H,O. Thus we conclude t h a t  formate s p e c i e s  produced a t  Type I s i t e s  decompose 
s e l e c t i v e l y  t o  C O ,  wh i l e  fo rma te  s p e c i e s  a t  nonrType I s i t e s  decanpose s e l e c -  
t i v e l y  t o  CO,. 

Thin f i l m  s t u d i e s :  Role of Cu s i t e s .  The product d l s t r f b u t i o n  r e s u l t i n g  
from CH,OH decomposition on a c l e a n ,  (0001)  o r i e n t e d  ZnO t h i n  f i l m  is shown i n  
F ig .  6. The i n i t i a l  CH,OH exposure is 5 L f o r  each experiment  ( 1  Langmuir = l oT6  
t o r r  s e c ) .  The observed product  i n l c u d e  H , ,  CH,O, CO, and CO,. We a l s o  looked 
for  but d ld  not  observe deso rp t ion  peaks for CH, and H,. 

Cons i s t en t  w i th  t h e  r e s u l t s  for ZnO powder desc r ibed  above, t h e  s p e c t r a  
show t h a t  adsorbed CH,OH decomposes i n  two wel l - resolved p rocesses .  The 585 K 
p rocess  corresponds t o  decomposition of t h e  CH,O(,)  i n t e r m e d i a t e ,  and i s  cha rac r  
t e r i z e d  by t h e  e v o l u t i o n  of H, wi thout  CO or CO,. The 585 K p r o c e s s  a l s o  
produces a small  amount ( ca .  20%) o f  desorbed CH,O. The balance of t h e  CH,O is 
appa ren t ly  s t a b i l i z e d  immediat ley,  be ing  conve r t ed  to a formate p reccur so r  b e f o r e  
i t  is a b l e  t o  desorb.  

The 635 K process  corresponds t o  t h e  decomposi t ion o f  HCOO(,) to  produce H,,  
C O ,  and a small  amount of CO,. S m e  addi t ional  CH,O is a l s o  observed a t  635 K ,  
whlch may r e s u l t  e i t h e r  from t h e  delayed decomposition of a l i m i t e d  number of 
CH,O(,) s p e c i e s  whose decomposi ton had been s t e r i c a l l y  impeded by occupied 
neighboring sites u n t i l  635 K.  A l t e r n a t i v e l y ,  t h e  CH,O s i g n a l  a t  635 K may a l s o  
r e s u l t  from t he  hydrogenat ion of a l i m i t e d  number of HCOO(,) s p e c i e s ,  u s i n g  t h e  
H ( a )  atoms r e l e a s e d  by t h e  decomposition o f  t h e  remaining HCOO(,) s p e c i e s .  

The apparent  a c t i v a t i o n  e n e r g i e s  of t h e  585 K and 635 K p rocesses  a r e  3 5  and 
38 k c a l / m o l e ,  r e s p e c t i v e l y ,  b a s e d  on  t h e  Redhead equa t ion  f o r  f i r s t - o r d e r  
d e c o m p o s i t i o n  k i n e t l c s  and an assumed pre-exponent ia l  f a c t o r  of l o ”  seck’ .  
These  v a l u e s  a r e  comparable t o  t h e  a c t i v a t i o n  ene rg ie s  for  t h e  C H , O ( a )  and 
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HCOO(,) decomposition s t e p s  computed for t h e  powder exper iments ,  i.e., 31 and 33 
kcal/mole for t h e  CH,O(,) decomposition on Type I and non-Type I s i t e s ,  respec- 
t i v e l y ,  and 40 k c a l / m o l e  f o r  HCOO(,) decomposition. Canpar i s ion  of t h e  e n e r g i e s  
for CH,O(,) decomposi t ion  on Type I vs. non-Type I s i t e s  sugges t s  t h a t  Type I 
s i t e s  may in f a c t  be absen t  from the  Ar '  ion s p u t t e r e d  and annea led  ZnO t h i n  f i l m  
s u r f a c e s .  We a l s o  n o t e  t h a t  t h e  o b s e r v a t i o n  of CH,O du r ing  t h e  exper iments  on 
t h i n  f i l m  ZnO samples is a r e s u l t  of t he  l i ne -o f - s igh t  d e t e c t i o n  provided by t h e  
mass s p e c t r a n e t e r  when us ing  a p l ana r  sample. Formaldehyde may also be produced 
i n i t i a l l y  du r ing  CH,O(,) d e c o m w s i t i o n  on powdered ZnO, but may no t  be d e t e c t a b l e  
dur  t o  i r r e v e r s i b l e  re ' adsorp t ion  on t h e  pore  w a l l s  be fo re  i t  can d i f f u s e  ou t  of 
t h e  powdered sample.  

F igure  7 shows t h e  product deso rp t ion  s p e c t r a  for CH,OH decomposition on an 
evapora ted  Cu/ZnO sample.  The Cu load ing  i n  t h i s  c a s e  is s u f f i c i e n t  t o  decrease  
t h e  Zn Auger s i g n a l  t o  35% of its c lean-sur face  va lue .  The CH,O, H , ,  CO, and CO, 
deso rp t ion  f e a t u r e s  a t  585 K and 635 K a r e  still p resen t ,  but a r e  s i g n i f i c a n t l y  
a t t e n t u a t e d .  Th i s  i n d i c a t e s  t h a t  CH,OH decomposition is still occur ing  on ZnO 
s i t e s ,  which i m p l i e s  t h a t  even a t  t h i s  h igh  Cu l oad ing ,  t h e  Cu l a y e r  does not  
cover t h e  ZnO s u r f a c e  uni formly .  

Two d i f f e r e n c e s  f rom t h e  decomposition behavior of clean ZnO a r e  a l s o  
observed. F i r s t .  small H, and CH,O d e s o r p t i o n  s i g n a l s  a r e  observed  near  410 K ,  
and a smal l  CO, peak is observed near  510 K .  These f e a t u r e s  a r e  q u i t e  s i m i l a r  t o  
t h e  CH,OH decomposi t ion  behavior r epor t ed  f o r  m e t a l l i c  C u ( ' ) .  This  sugges t s  t h a t  
a t  l e a s t  a p o r t i o n  of t h e  evapora ted  Cu l a y e r  has  agglomerated t o  form m e t a l l i c  
Cu c l u s t e r s ,  which a r e  l a r g e  enough t o  demonst ra te  t h e  same CH,OH decomposition 
behavior as bulk  Cu. 

The second d i f f e r e n c e  is t he  l a r g e  C0,:CO r a t i o  observed  for  t h e  635 K 
p rocess .  Th i s  is r e m i n i s c e n t  of t h e  HCOO(,) decomposition s e l e c t i v i t y  observed 
when H,O was pre.-adsorbed on powdered ZnO, and sugges t s  t h a t  a po r t ion  of the  
evaporated Cu l a y e r  is s u f f i c i e n t l y  h i g h l y  d i s p e r s e d  t o  p e r t u r b  t h e  decomposition 
s e l e c t i v i t y  of the  HCOO(,) s p e c i e s  on t h e  ZnO su r face .  We cannot  sugges t  a 
mechanism for t h i s  p e r t u r b a t i o n  a t  t h i s  time. 

A s  the  f i n a l  experiment desc r ibed  he re ,  we sought  t o  test t h e  in f luence  of 
s u r f a c e  o x i d a t i o n  s t a t e  on t h e  CH,OH decanpos i ton  behavior of t h e  evapora ted  
Cu/ZnO t h i n  f i l m  sample.  F igure  8 shows t h e  product deso rp t ion  s p e c t r a  for t h e  
same Cu/ZnO sample d e s c r i b e d  above, f o l l o w i n g  s e q u e n t i a l  exposure  t o  2 L of 0, 
and 5 L of CH,OH. Three main f e a t u r e s  a r e  noted :  - The CO and CO, peaks a t  635 K a r e  unchanged fran t h e i r  i n t e n s i t i e s  in 
t h e  0,-free case .  However, t h e  H, and CH,O s i g n a l s  in t h e  r e g i o n  of the  585 and 
6 3 5  K d e c o m p o s i t i o n  p r o c e s s e s  have  been  e s s e n t i a l l y  e l i m i n a t e d .  S i n c e  
pre'exposure t o  0, had  no e f f e c t  on t h e  CH,OH d e c m p o s i t i o n  behavior of a c lean  
ZnO t h i n  f i l m ,  t h i s  sugges t s  t h a t  t h e  d i spe r sed  Cu s p e c i e s  proposed above a l s o  
i n f l u e n c e  t h e  0, a d s o r p t i o n  c h a r a c t e r  of t h e  ZnO s u r f a c e .  - The H, peak a t  410 K is enhanced by a f a c t o r  of two, r e l a t i v e  t o  the  
c a s e  wi thout  preiladsorbed 0,. The CH,O peak a t  410 K is a l s o  somewhat enhanced. 
T h i s  is c o n s i s t e n t  w i t h  e a r l i e r  workers '  r e s u l t s  t h a t  pre-exposure t o  0, enhances 
t h e  F e a c t i v i  s t i c k i n g  c o e f f i c i e n t  of CH,OH on Cu s u r f a c e s ,  and i n d i c a t e s  t h a t  
t h i s  enhancement a l s o  occurs  on t he  smal l  Cu c l u s t e r s  p re sen t  on t h e  Cu/ZnO t h i n  
f i l m  s t u d i e d  he re .  

" The CO, peak a t  510 K is g r e a t l y  enhanced fo l lowing  0, pre-exposure.  
Th i s  r e s u l t  is a l s o  c o n s i s t e n t  with t h e  behavior of m e t a l l i c  Cu, where adsorbed 
O(a) i s  expec ted  n o t  on ly  t o  enhance d i s s o c i a t i v e  CH,OH a d s o r p t i o n  but a l s o  t o  
i n c r e a s e  t h e  c o n v e r s i o n  o f  CH,O(,) t o  s t a b l e  HCOO(,), which in t u r n  is repor ted  
t o  decanpose almost e x c l u s i v e l y  t o  CO,. 

S i m i l a r  r e s u l t s  t o  t h o s e  desc r ibed  above were ob ta ined  for a series of Cu 
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l o a d i n g s  on ZnO t h i n  f i l m s .  I n  g e n e r a l ,  t h e  low tempera tu re  decomposition 
p rocesses  a t  410 K and 510 K were observed a t  eve ry  Cu load ing .  I n t e r e s t i n g l y ,  
t h e  enhancement  e f f e c t  o f  pre-adsorbed 0, was observed o n l y  for h ighe r  Cu 
load ings .  Th i s  i t  appea r s  t h a t  m e t a l l i c  Cu c l u s t e r s  a t  t h e  lowes t  l o a d i n g s  a r e  
S m a l l  enough t o  a c t i v a t e  d i s s o c i a t i v e  CH,OH adso rp t ion  without  pre-adsorbed 
O(a ) .  Th i s  may be t h e  r e s u l t  of a s p i l l o v e r  e f f e c t  of d i s s o c i a t e d  H ( a )  atoms 
Onto t h e  ZnO suppor t .  For l a r g e  c l u s t e r s ,  t h e  i n f l u e n c e  of t h e  s p i l l o v e r  e f f e c t  
would be l i m i t e d  t o  Cu atoms near  t h e  pe r ime te r  of t h e  c l u s t e r ,  and t h e  O(a) 
enhancement would be necessa ry  t o  a c t i v a t e  t h e  remaining a t a n s  in t h e  c l u s t e r .  

One o t h e r  r e s u l t  is t h e  f a c t  t h a t  t h e  method f o r  p repa r ing  d i f f e r e n t  Cu 
l o a d i n g s  had no e f f e c t  on t h e  CH,OH decanposi ton behavior ;  i .e . ,  samples prepared 
by p rogres s ive  evapora t ion  o f  i n c r e a s i n g  amounts of Cu behaved i d e n t j  c a l l y  with 
samples prepared by success ive  h e a t i n g  of a high i n i t i a l  Cu l o a d i n g  t o  l eave  
behind p rogres s ive ly  dec reas ing  amounts of Cu. We i n t e r p r e t  t h i s  t o  i n d i c a t e  
t h a t  both t h e  c l u s t e r  and d i spe r sed  Cu s p e c i e s  a r e  p r e s e n t  i n  a thermodynamically 
equ i  1 i bra t  ed s t a t  e .  

DISCUSSION 

R o l e  of formate in t e rmed ia t e s .  The p resen t  r e s u l t s  l a r g e l y  confirm our 
p rev ious  understanding t h a t  CH,OH decomposi t ion t o  CO M' CO, occu r s  v i a  t h e  
CH,O(,)  and HCOO(,)  i n t e rmed ia t e s .  For t h e  powdered ZnO, we have shown t h a t  t h e  
s e l e c t i v i t y  of t h e  H C O O ( a )  decomposi t ion p rocesses  is s e n s i t i v e  t o  t h e  geometry 
of t h e  adso rp t ion  s i t e :  Type I sites y i e l d  CO as t h e  major p roduc t ,  w h i l e  
nonrType I s i t e s ,  p o s s i b l y  as a r e s u l t  of t h e  presence of co-adsorbed H,O, y i e l d  
p r i m a r i l y  CO,. The e f f e c t  of t h e  d i s p e r s e d  Cu s p e c i e s  on t h e  Cu/ZnO t h i n  f i lm  
samples is a l s o  t o  i n c r e a s e  t h e  s e l e c t i v i t y  f o r  HCOO(,) decomposi t ion toward t h e  
CO, product .  The l a t t e r  result, of c o u r s e ,  may a l s o  be due  t o  a chemical e f f e c t ,  
but  i t  does s e r v e  t o  i l l u s t r a t e  t h e  r o l e  of t h e  composi t ion of t h e  a c t i v e  s i t e  on 
t h e  s e l e c t i v i t y  of e lementary deso rp t ion  o r  decanposi  t i o n  s t e p s .  

Our r e s u l t s  u s ing  c l e a n  ZnO t h i n  f i l m s  a lso s u g g e s t  f o r  t h e  f i r s t  t ime t h e  
p o s s i b i l i t y  t h a t  t h e  HCOO a )  i n t e r m e d i a t e  on t h e  o x i d e  s u r f a c e  may be 
hydrogenated t o  produce CH,O t c f . ,  t h e  CH,O deso rp t ion  peak a t  635 K in Fig.  6 ) .  
A d d i t i o n a l  work is needed t o  e l i m i n a t e  t h e  a l t e r n a t e  e x p l a n a t i o n  ( i . e . ,  t h e  
delayed decomposition of CH,O(,)  s p e c i e s  due t o  neighboring s i t e  b lockage ) ,  but 
t o g e t h e r  w i th  t h e  o b s e r v a t i o n  t h a t  CH,O does no t  r each  t h e  mass spec t romete r  i n  
t h e  powdered ZnO experiments  due t o  r e a d s o r p t i o n ,  t h i s  r a l s e s  the p o s s i b i l i t y  
t h a t  t h e  CH,OH s y n t h e s i s  mechanism may invo lve  d i s c r e t e  CO and CH,O hydrogenat ion 
s t e p s ,  w i t h  g a s  p h a s e  CH,O as a s h o r t - l i v e d  i n t e r m e d i a t e  p r e s e n t  at low 
c o n c e n t r a t i o n s .  

Role of Type I sites vs.  Cu. The I R  s p e c t r a  in Fig .  3 c l e a r l y  demonstrate  
t h a t  CH,OH adsorbs d i s s o c i a t e l y  a t  Type I s i t e s .  The s i t e  b lock lng  experiments  
u s ing  pre-adsorbed H,O show e q u a l l y  c l e a r l y  t h a t  CH,OH is a l s o  a d s o r b e d  in 
non-Type I sites. The subsequent  TPD experiments  show t h a t  CH,O(,)  s p e c i e s  
a d s o r b e d  a t  Type I v s .  non-Type I s i t e s  behave  d i f f e r e n t l y .  The CH,O(,) 
decomposition s t e p  o c c u r s  35 K e a r l i e r  (ca .  2 kcal /mole lower appa ren t  a c t i v a t i o n  
ene rgy)  a t  Type I sites, and t h e  r e s u l t i n g  HCOO(,) i n t e r m e d i a t e  subsequen t ly  
d e c m p o s e s  t o  y i e l d  p r i m a r i l y  CO,  w i th  an appa ren t  a c t i v a t i o n  e n e r g y  o f  40 
kcal/mole.  

However. i t  is also important  t o  r ecogn ize  t h e  converse of t h i s  obse rva t ion ,  
namely t h a t  CH,O(,) s p e c i e s  adsorbed i n  nonrType I sites a l s o  decompose c l e a n l y  
t o  y i e l d  t h e  H C O O ( a )  i n t e r m e d i a t e ,  w i t h  an apparent  a c t i v a t i o n  energy o n l y  2 
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kcal/mole g r e a t e r  t h a n  for Type I sites. Moreover, e v o l u t i o n  of H, ( a s  opposed 
t o  H,O) is a l s o  observed f o r  t h e  CH,O(,) decomposi t ion s t e p  a t  non-Type I s i t e s .  
S ince  t h e  Type I s i t e s  remaln blocked by H,O throughout  t h e  CH,O(,) and HCOO(,) 
decompositon p rocesses ,  t h i s  i n d i c a t e s  t h a t  Type I s i t e s  a r e  n o t  e s s e n t i a l  f o r  
e t t h e r  CH,OH d e c a n p o s i t i o n  or molecular  H, de so rp t ion  from ZnO s u r f a c e s .  

The o r i g i n  of t h e  modest enhancement of t h e  CH,O(,)  decomposi t ion k i n e t i c s  
at t h e  Type I s i t e s  may be a t t r i b u t e d  t o  t h e  enhanced b a s i c i t y  of t h e  O= anion o f  
t h e  Type I site. A v a r i e t y  of s p e c t r o s c o p i c  ev idence  e x i s t s  t o  i n d i c a t e  t h a t  t h e  
Type I s i t e s  are l o c a t e d  a t  c a t i o n  vacancles  on t h e  (0001)-Zn po la r  s u r f a c e  of 
Z G O ! ~ ) .  The e l e c t r o s t a t i c  p o t e n t i a l  a t  t h e s e  c a t i o n  vacancies  can be expected t o  
induce a l a r g e r  p ro ton  a f f i n i t y  i n  t h e  nelghboring 0' an ions .  

I r o n i c a l l y ,  our ha rdwon  unde r s t and ing  of t h e  behavior  of Type I s i t e s  now 
l e a d s  u s  t o  s e r i o u s l y  q u e s t i o n  t h e  i m p o r t a n c e  o f  t h e s e  s i t e s  as a c t i v e  
p a r t i c i p a n t s  in t h e  CH,OH s y n t h e s i s  r e a c t i o n  on Cu/ZnO c a t a l y s t s .  In no c a s e  d i d  
we observe CH,OH d e s o r p t i o n  from CH,O(,) s p e c i e s  adsorbed i n  Type I s i t e s .  We 
d i d  obse rve  t h e  analogous deso rp t ion  p rocess  for  H,O adsorbed a t  t h e s e  s i t e s ,  but 
w i t h  a d e s o r p t l o n  e n e r g y  o f  40 k c a l / m o l e ,  s l g n i f i c a n t l y  g r e a t e r  than t h e  
a c t i v a t i o n  energy for CH,O(,)  decomposi t fon.  T h l s  l a r g e  a c t t v a t i o n  energy for  
recombinat ive d e s o r p t i o n  of molecules  c o n t a i n i n g  OH groups is  a l s o  a r e f l e c t i o n  
of the b a s l c i t y  of t h e  Type I O= an ion ,  and s u g g e s t s  t h a t  CH,OH d e s o r p t i o n  from 
Type I sites would b e  more d i f f i c u l t  t h a n  f r m  non-Type I s l t e s .  

Secondly,  t h e  modest enhancement for t h e  CH,O(,) decomposi t ion s t e p  a t  Type 
I s i t e s  is small, r e l a t i v e  t o  t h e  enhancement for bo th  t h e  CH,O(,) and HCOO(,)  
decomposition s t e p s  observed when Cu was evapora t ed  o n t o  t h e  ZnO s u r f a c e .  While 
i t  does no t  n e c e s s a r i l y  fo l low t h a t  t h e  a c t i v a t i o n  energy f o r  t h e  r e v e r s e  CH,O(,)  
s y n t h e s i s  r e a c i t o n  J s a l s o  reduced as d r a m a t i c a l l y .  t h i s  o b s e r v a t i o n  does suggest  
t h a t  t he  presence of t h e  Cu component w i l l  have a more s i g n i f i c a n t  i n f l u e n c e  than 
t h e  presence of t h e  g e o m e t r i c a l l y  d i s t i n c t  Type I sites. 

F i n a l l y ,  t h e  l a r g e  binding energy observed f o r  H,O in Type I sites sugges t s  
t h a t  t h e s e  si tes may be blocked under  CH,OH s y n t h e s i s  c o n d i t i o n s ,  s i n c e  t h e  
r e a c t a n t  mix tu re  u s u a l l y  c o n t a i n s  added CO, t h a t  would be converted t o  H,O yia 
t h e  r e v e r s e  s h i f t  r e a c t i o n .  

Thus t h e  p r e s e n t  r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  t h e  o r i g i n  of t h e  CH,OH 
s y n t h e s i s  a c t i v i t y  in t h e  Cu/ZnO c a t a l y s t  does n t o  r e s i d e  i n  t h e  Type I s i t e s  
found on ZnO. T h i s  does no t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  analogous s i t e s  may 
be p re sen t  a t  i s o l a t e d  Cu c a t t o n s  on t h e  s u r f a c e  of Cu/ZnO c a t a l y s t s ;  evidence 
for the i n f l u e n c e  of a d i s p e r s e d  Cu s p e c i e s  is seen i n  t h e  Cu/ZnO t h l n  f i l m  
experiments  shown i n  F igs .  7 and 8. However, t h e  Cu/ZnO experiment  also i n d i c a t e  
t h a t  t h e  CH,O(,) decomposi t ion a c t i v i t y  of t h e  m e t a l l i c  Cu c l u s t e r s  i s  much 
g r e a t e r  t han  f o r  e i t h e r  Type I or non4Type I s i t e s .  Moreover, t h e  ZnO support  
provtdes  a s p i l l o v e r  e f f e c t  which enhances the  CH,OH decompositon a c t i v l  t y  of t he  
Cu clusters even more, by e l i m i n a t i n g  t h e  need for pre-exposure t o  0, t o  provide 
proton accep to r  sites. 
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TPD Cell for Tmnsmission - Reflectance Infrared Spectroscopy 
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